Exosomes are small vesicles of endocytic origin, which are released into the extracellular environment and mediate a variety of physiological and pathological conditions. Here we show that Schistosoma mansoni releases exosome-like vesicles in vitro. Vesicles were purified from culture medium by sucrose gradient fractionation and fractions containing vesicles verified by western blot analyses and electron microscopy. Proteomic analyses of exosomal contents unveiled 130 schistosome proteins. Among these proteins are common exosomal markers such as heat shock proteins, energy-generating enzymes, cytoskeletal proteins, and others. In addition, the schistosome extracellular vesicles contain proteins of potential importance for host-parasite interaction, notably peptidases, signaling proteins, cell adhesion proteins (e.g., integrins) and previously described vaccine candidates, including glutathione-S-transferase (GST), tetraspanin (TSP-2) and calpain. S. mansoni exosomes also contain 143 microRNAs (miRNA), of which 25 are present at high levels, including miRNAs detected in sera of infected hosts. Quantitative PCR analysis confirmed the presence of schistosome-derived miRNAs in exosomes purified from infected mouse sera. The results provide evidence of vesicle-mediated secretion in these parasites and suggest that schistosome-derived exosomes could play important roles in host-parasite interactions and could be a useful tool in the development of vaccines and therapeutics.
of helminth excretory/secretory products (ESP) have focused on proteins. ESP proteome analyses have been reported for a variety of nematode species [3] [4] [5] as well as flatworms, including the liver fluke Fasciola hepatica 6, 7 and several life stages of S. mansoni, S. japonicum and S. bovis [8] [9] [10] [11] [12] [13] [14] . Parasitic worms also secrete microRNAs (miRNA) [15] [16] [17] [18] [19] , which could play important roles in modulating host immune responses. Secreted miRNAs are increasingly recognized as mediators of cell communication 20, 21 and their regulatory roles in the immune system are well established 22 . Despite these advances, and the considerable efforts made to identify schistosome ESPs, very little is known about the mechanisms by which these molecules are released. Many proteins secreted by helminths are unlikely to be released through the classical secretory pathway, for example metabolic enzymes that lack a signal peptide, cytoskeletal proteins, heat shock proteins, and membrane proteins. An alternative export mechanism for these proteins is through membrane-bound vesicles 23, 24 . Extracellular secretory vesicles can be formed by outward budding of the plasma membrane or formed intracellularly and subsequently released to the outside. The best characterized of these vesicles are exosomes, which are small (60-150 nm), typically cup-shaped when observed by transmission electron microscopy (TEM) and are produced from multivesicular intermediates of the endocytic pathway 24 . There is growing evidence that many proteins secreted by parasites are enclosed within exosome-like vesicles (ELVs) 19, 25, 26 . Recent studies of S. japonicum 27 and S. mansoni 28, 29 suggest that schistosomes may use extracellular vesicles as a mechanism of secretion, but the molecular content of these vesicles has only partly been characterized.
Exosomes have attracted considerable interest because of their roles as mediators of intercellular communication, particularly within the immune system and in disease states such as cancer 24, 30 . Exosomes are powerful agents of cell communication because of the many ways they can interact with target cells; they can bind to cell surface receptors, indirectly changing cell behavior, they can fuse with the target cell membrane, releasing their contents into the cytosol, and/or they may be taken up and internalized into phagosomes 31 . Exosomes also provide an effective mechanism for delivery of parasite molecules to a host cell, either to modulate the immune response or some other host activity that is beneficial to the parasite. Studies primarily in Leishmania 25, 32, 33 and H. polygyrus 19 have shown that parasite-derived extracellular vesicles (EVs) can be taken up by host (mammalian) cells in culture; they induce changes in gene expression in host cells and have strong immunomodulatory properties, both in vitro and in infected animals. Leishmania exosomes may be the principal mechanism by which the parasite delivers virulence factors to the host cell 25 . These studies clearly implicate EVs as important mediators of the host-parasite interaction and underscore the need for further research into their mode of action.
Here we show that S. mansoni release ELVs and describe the proteins and miRNAs contained within these vesicles. The results help to elucidate the mechanism by which proteins and miRNAs are secreted and provide new insight into the role of secreted products in schistosome infections.
Results
Purification of ELVs. ELVs were initially purified from culture medium by differential centrifugation, followed by filtration and sucrose density ultracentrifugation ( Fig. 1 ) to establish the sucrose concentration required for the sedimentation and enrichment of the S. mansoni ELVs. Purification was monitored by Western blot analysis using an anti-human enolase antibody, a common exosomal marker, which is highly conserved with S. mansoni enolase (75% sequence identity). Fractions exhibited distinct protein profiles, with the 20, 25, 35 and 40% sucrose fractions containing diverse proteins, possibly corresponding to protein aggregates, smaller vesicles or plasma membrane-derived vesicles ( Fig. 2A) . A predominant anti-enolase reactive band was recovered from the 25%, 30% and 35% sucrose fractions (Fig. 2B) , consistent with the presence of exosomes 34 . Vesicles recovered from the 30% sucrose fraction were tested with antibodies against exosomal markers that are highly conserved in S. mansoni (anti-HSP70, anti-tubulin, anti-elongation factor 1; sequence identities 38-98% compared to mouse homologues) and all showed immunoreactive bands of the expected size (not shown). Subsequent purifications were done by overlaying the 0.2 µm-filtered 100,000 × g pellet directly onto a 30% sucrose cushion followed by ultracentrifugation 34 . EM analysis showed that the purified cup-shaped vesicles were ~100 nm in diameter (Fig. 2C) , consistent with exosomes. Our experimental analysis cannot rule out the possibility that other types of secretory vesicles of similar shape and density may be present.
Proteomics studies. LC-MS/MS analysis was repeated on three separate preparations of purified vesicles and candidate proteins identified by searching against the S. mansoni NCBI genome database. These analyses identified 130 S. mansoni proteins, including 125 known proteins and 5 annotated as hypothetical (Table 1) . Matching peptides are shown in Table S2 . The detected proteins include many homologues of common exosomal markers 35 (Table 1) . We note, in particular, energy-generating enzymes often associated with exosomes (e.g., enolase, pyruvate kinase, GAPDH, phosphoglycerate kinase 1), heat shock proteins (HSP70), cytoskeletal proteins (actin, tubulin, fimbrin), 14-3-3 proteins, tetraspanin, histones, vesicular traffic proteins (e.g., Rab proteins, dynein) and translational elongation factor eEF1. Their presence in the schistosome vesicles gives further confidence that these are exosomes. Importantly, proteomics data confirmed the presence of enolase.
The proteins in Table 1 were compared to previously reported schistosome ES proteins. S. mansoni secretome studies have been done mainly on larval stages or eggs 8, 11, 12, 14 but a comprehensive dataset is available for adult S. japonicum 9 , which was used for this comparative analysis. The S. japonicum secretome lists approximately 100 proteins, of which about half are "atypical" (or non-secretory) proteins that lack a signal peptide 9 . We found ~50% of these atypical secretory proteins (Table 1) , in particular heat shock proteins, enolase, GAPDH, GST, 14-3-3 proteins and a fatty acid binding protein. These are all present in the purified vesicles and were previously described as some of the most abundant secreted proteins in S. japonicum and S. mansoni larvae. These results suggest that a significant proportion of protein secretion in schistosomes occurs through vesicles. Exosomal proteins were classified by GO annotation according to molecular function, biological process and predicted cellular compartment (Fig. 3) . The results show a high prevalence of proteins with catalytic and/ or binding activity ("molecular function") and proteins involved in metabolic and cellular processes ("biological process"). Enzymes are the most common type, representing nearly half of the proteins. The majority of these enzymes are involved in glucose metabolism. Enzymes from other pathways, for example taurine metabolism (taurocyamine kinase), amino acid metabolism (ornithine-oxo-acid transaminase), purine metabolism (hypoxanthine-guanine phosphoribosyltransferase, HGRPT) and detoxification (redox) metabolism (e.g. glutathione-S-transferase (GST), glyoxalase) were detected. The schistosome vesicles are rich in proteases, including metallopeptidases, cysteine peptidase and serine peptidases. The most abundant of these enzymes, based on the number of spectral matches, are thimet oligopeptidase, leucine aminopeptidase (LAP), calpain, hemoglobinase and cathepsin B.
Many proteins were assigned to GO biological processes terms that relate to signal transduction ("signalling", "response to stimulus", "immune processes") and biological regulation ( Table 1) . Some of these proteins are common exosomal markers that have broad spectrum signalling activities, for example 14-3-3 proteins 36 . We also identified proteins associated with calcium-dependent signalling (e.g., calponin), GTP-mediated signalling (rpgr interacting protein 1), a serine/threonine protein kinase, phosphatase-associated proteins, a grb2-like protein normally involved in receptor tyrosine kinase signalling, and two putative potassium channels, one of which is activated by cAMP. A few proteins listed in this category have activities in immune processes and blood coagulation pathways, which could be important for the host-parasite interaction. One example is annexin, a calcium-dependent phospholipid-binding protein implicated in a wide range of cellular processes. Some types of annexins have powerful anti-inflammatory activity 37 ; others function as plasminogen receptors and stimulate fibrinolysis, thus reducing the formation of blood clots 38 . Also noteworthy are schistosome homologues of ATP-diphosphohydrolase 1, N.N-dimethylarginine dimethylaminohydrolase (DDAH), kynurenine aminotransferase and integrins. In mammals, these proteins have important immune and/or anti-clotting effects. ATP-diphosphohydrolase 1 suppresses inflammation, inhibits platelet aggregation and prevents blood clots by breaking down extracellular pro-inflammatory and prothrombotic ATP and ADP 39 . DDAH and kynurenine aminotransferase control the levels of important regulators of immune function by indirectly controlling nitric oxide production 40 and the levels of kynurenine, a tryptophan metabolite that regulates vasodilation and immune responses 41 . Finally, integrins mediate cell adhesion and are implicated in a wide range of signalling mechanisms Figure 1 . Overview of the procedure used for isolation and characterization of secreted exosome-like vesicles from Schistosoma mansoni. (A) Adult male and female worms were cultured 48-72 h in media containing exosome-depleted serum. Vesicles were purified from the culture media by differential centrifugation, followed by filtration through a 0.2 µm membrane and ultracentrifugation on a discontinuous 25, 30, 35% sucrose gradient, as described 72 . The purification was monitored by western blot (WB) analysis, using antibodies against known exosomal markers (e.g. enolase) and electron microscopy (EM), prior to analyses of protein and miRNA content. (B) Schematic of the two major types of secretory extracellular vesicles. Membrane particles (or ectovesicles) are formed by outward budding of the plasma membrane. Exosomes are derived from the endocytic pathway via the formation of large multivesicular body (MVB) intermediates, which fuse with the plasma membrane releasing the vesicular cargo, exosomes, as well as other contents into an extracellular environment. Alternatively, the MVBs can be directed to lysosomes and degraded [see 24 42 . We found alpha and beta integrin subunits, as well as talin, which anchors integrins to the cytoskeleton and mediates subsequent signalling, in schistosome exosomes.
"Cellular compartment" analysis shows a high proportion of proteins associated with membrane-bound compartments (vesicles, organelles) as well as the plasma membrane. Membrane proteins constitute roughly 30% of identified proteins (Fig. 3) . Some of the most abundant proteins in the dataset are membrane proteins, notably fer-1, a homologue of vertebrate dysferlin, which has been implicated in membrane structure, fusion, and repair associated with wound healing 43 . Other membrane proteins include transport proteins (e.g., aquaporin, glucose transporter), structural proteins (e.g., prominin), signalling proteins (e.g., tetraspanin, integrins, ion channels), membrane-associated enzymes (e.g., calpain) and a variety of schistosome tegumental antigens (e.g., 200 kDa GPI-anchored glycoprotein) ( Table 1) .
MS spectra were also searched against the Mus musculus database to test if the schistosome vesicles contained host proteins, which are known to be present in parasite-derived exosomes 19, 26 . Only 7 mouse proteins were reliably identified (Table 1) , of which 4 were keratins, a common contaminant in proteomics studies. Three additional mouse proteins (enolase, actin and plasma membrane calcium ATPase) were disregarded because the peptides matched the schistosome homologues with higher scores. Aside from keratins, the most significant hit was an isoform of importin, a protein typically involved in nuclear transport.
Analysis of miRNA content. The majority of miRNA reads mapped to non-miRNA sequences (mRNAs, other noncoding RNAs), repetitive sequences, or identified as "no hits" (Table S3 ). These sequences were removed from the datasets and not analyzed further. Of the remaining reads, we focused on those that aligned to S. mansoni or Platyhelminth (flatworm) miRNAs in miRbase. Reads that did not match known miRNAs were considered only if they mapped to the genome of S. mansoni and the extended sequences at the mapped genome positions were predicted to form hairpins. Fig. 1 . The resulting crude vesicular pellet was resuspended in PBS, filter sterilized (0.2 µm filter) and subsequently fractionated on a discontinuous 10-50% sucrose gradient. Gradient fractions were tested for total protein content by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (A) and then western blotting (WB) with an antibody against enolase, a common exosomal marker (B). The results show enolase immunoreactivity between the 25% and 35% sucrose fractions. All subsequent purifications were performed by applying the filter-sterilized, crude vesicular pellets directly onto a discontinuous 25, 30, 35% sucrose gradient followed by ultracentrifugation, as described 72 (C) Transmission electron microscopy analysis of purified exosome-like vesicles from S. mansoni. The scale bar indicates 100 nm. The analysis identified 158 known and predicted miRNAs in whole worm extracts, 143 were also detected in exosomes but their relative abundances differed. This includes only sequences represented by >10 in one of the samples; miRNAs present at <10 reads in both samples were omitted from the analysis. The most abundant exosomal miRNAs (>100 reads) are described in Table 2 and a complete list is provided in Table S4 . Among the top hits, roughly 70% are available in miRBase, including known S. mansoni (sma) sequences and conserved homologues from S. japonicum (sja) and the planarian Schmidtea mediterranea (sme). The remaining are novel, putative miRNAs that mapped to the S. mansoni genome within predicted hairpins. Most miRNAs are underrepresented in vesicles, in some instances by more than 100-fold (Fig. 4) . Some, however, are present at the same or even higher levels; two of the more abundant miRNAs, sma-miR-71a and sma-miR-125b, were both present at about the same level in the two samples, and other miRNAs, such as sma-bantam and sma-miR-36-3P, were moderately enriched in vesicles. Bantam is an invertebrate-specific miRNA previously detected in serum of helminth-infected hosts and was reported to be secreted by the parasite 16, 17, 44 . Our results support these earlier studies and further suggest that sma-bantam is released, at least in part, in secretory vesicles.
Detection of exosomal miRNAs in infected mice. To test if S. mansoni releases exosome-like vesicles
in vivo, we purified exosomes from serum of infected mice and screened for schistosome-derived miRNAs by qRT-PCR. The average worm burden was 30-40 worm pairs per mouse. As controls, we used uninfected mice maintained for the same length of time. Although most vesicles isolated using ExoQuick kit are likely of host origin, we hypothesized that even a small proportion of parasite-derived exosomes would be sufficient to detect specific Schistosoma miRNAs by qPCR. To facilitate detection, we focused on the abundant S. mansoni exosomal miRNAs from the RNA seq analysis and used a stem-loop RT method 45 combined with TaqMan probe-based qPCR to improve specificity. Attempts to amplify miRNA using a polyA tailing RT method 46 and SYBR green for qPCR produced non-specific results (not shown). In contrast, the stem-loop TaqMan probe method was able to specifically detect sma-miR-125a, sma-miR-125b, sma-bantam, sma-miR-71a (Fig. 5) . The uninfected sample provides a measure of background amplification, presumably due to non-specific amplification of homologous sequences present in mouse-derived exosomes. The four miRNAs tested showed significant (p < 0.05) amplification compared to background levels and their median signal-to-noise ratios ranged from ~300-to 12,000-fold (Fig. 5) . It was surprizing that ELVs isolated from infected mice showed notable difference in the various miRNA level. This was particularly notable for sma-miRNA-125b (Fig. 5) .
Discussion
Exosomes are important agents of intercellular communication in mammals, invertebrates and even prokaryotes 23, 24 . For pathogens, exosomes constitute a powerful mechanism by which virulence factors and other bioactive molecules can be delivered to a host cell to promote infection. This has been well documented for microbial pathogens, in particular fungi, Leishmania and T. cruzi 25, 47 . Evidence for exosome-mediated secretion in helminth infections is more limited 19, 26, 27 and little is known about their functional roles. We further show that S. mansoni releases ELVs and characterize adult schistosome exosomal proteins and miRNAs.
Purified S. mansoni-secreted exosomes and biophysical characterization demonstrated that these vesicles were bona fide exosomes rather than crude vesicular pellets or large protein aggregates. Our approach selects for exosomes based on their distinctive size and floatation properties on a sucrose gradient 34 . Previous studies have shown that exosomes sediment at density corresponding to ~30% sucrose 34 , a finding confirmed here. This protocol minimizes contamination by larger membrane vesicles that typically have higher densities 34 . EM analysis confirmed that the ELVs used in the proteomic studies were ~60-150 nm in diameter and contained most of the "signature" (top 25) exosomal markers described in ExoCarta 35 . We recognize there may be other secretory Only the most abundant exosomal miRNAs (>100 reads) are shown. A complete list of all the miRNAs that were detected is provided in Table S2 . b Normalized ("norm") reads were calculated after adjustment for the size of the library, as described in the Methods; c The suffix R followed by a negative number indicates that the read sequence is shorter than the annotated miRNA in miRbase by one (R-1) or two nucleotides (R-2) at the 3′ end. Conversely, R + 1, R + 2 show that the read sequence is longer than the annotate miRNA by one or two nucleotides; d miRNAs indicated by bold-face printare present at the same or higher levels in exosomes compared to whole worms. vesicles (e.g., plasma membrane-derived ectovesicles) that have similar size and density. Thus, we refer to the material under study as exosome-like vesicles (ELVs).
A large proportion of the proteins recovered from S. mansoni ELVs are metabolic enzymes, particularly enzymes associated with glycolysis. The prevalence of glycolytic enzymes in exosomes has been reported in other organisms; many of the signature exosomal proteins in ExoCarta are glycolytic enzymes, such as enolase, aldolase, GAPDH, etc. For schistosomes, the discovery of these enzymes in vesicles helps to explain how they are secreted by the parasite, despite lacking classical secretion signal sequences. Why exosomes contain so many glycolytic enzymes is unclear. It is possible that exosomes increase glycolytic activity in a target cell after docking and fusion. Schistosome ELVs contain abundant glycogen phosphorylase and a glucose transporter, which would make more glucose available for metabolism, either through glycogenolysis or increased transport from the outside. Alternatively, these enzymes could have other activities. It is well known that glycolytic enzymes have "moonlighting" functions unrelated to glycolysis. For example, extracellular forms of enolase, aldolase and GAPDH bind to mammalian plasminogen 48 . If any of these enzymes is present on the surface of the schistosome vesicles, as was recently shown for Leishmania-derived exosomes 49 , it is tempting to speculate that the plasminogen binding activity could help prevent blood clots and facilitate parasite migration, an important activity for the blood-dwelling schistosome. Other "moonlighting" activities of extracellular glycolytic enzymes include adherence to the extracellular matrix, angiogenesis and the modulation of immune function 48 , all of which could be important for schistosomes.
Possible roles of exosomes in modulation of clotting pathways deserve consideration. Like other blood parasites, schistosomes must prevent blood clotting and remove clots once formed. This is of particular importance to S. mansoni because of the large size of the worm pair relative to the narrow mesenteric veins in which they reside. The presence of worms is likely to disrupt blood flow and stress the vessel wall, conditions that stimulate coagulation. Schistosomes employ a variety of mechanisms to prevent platelet aggregation and disrupt formation of clots 50 . Interestingly, some of the proteins found in the S. mansoni exosomes have anti-clotting activities, including ATP-diphosphohydrolase 1 (ATPDase-1), a membrane-associated protein that hydrolyzes extracellular prothrombotic ATP and ADP, inhibiting platelet aggregation and activation 39 . Previous studies of the schistosome homologue of ATPDase-1 revealed that the enzyme is present on the tegument 51 and has ATP and ADP hydrolyzing activity 52 . Our results show that this enzyme is also secreted in vesicles. Secretion of ATPDase-1 was not reported in vitro 52 , but the methods employed may not have detected vesicle-associated enzyme. Exosomal ATPDase-1 may represent an important mechanism of haemostatic control. Other exosomal proteins with potential anti-clotting effects include the glycolytic enzymes listed above (enolase, GAPDH, aldolase) due to their plasminogen binding activity 48 , the schistosomal antigen Sm22.6, which inhibits thrombin 53 , annexin 38 and the calcium-dependent protease calpain. In the host, calpain has a variety of functions, one of which is the regulation of platelet aggregation 54 . Vesicles carrying parasite calpain could alter normal calpain activity in the host and perhaps disrupt endogenous control of platelet activation. Likewise, if parasite proteins such as integrins and talin function in the same way as the mammalian homologues, vesicle-mediated delivery of these proteins to host cells could help the parasite to modulate the immune response and, importantly, control the formation of blood clots.
S. mansoni exosomes carry a variety of other proteases, including metalloproteases, cysteine and serine proteases that are believed to play important roles in exosome-mediated signaling 55 , contribute to invasion, migration, nutrient acquisition, immunomodulation and, haemostatic control 56 . Research on schistosome proteases has focused on secreted enzymes (e.g., cathepsin B) and cercarial elastases that contribute to skin penetration by infective larvae. There is a rich diversity of other proteases in schistosomes, most of which have only recently been identified 57 and their functions are poorly understood. Our results show that some of these enzymes are secreted in vesicles and therefore could have important roles in the host-parasite interaction. Examples include a novel type 2 serine protease (SmSP2) 58 , a prolyl-oligopeptidase of the S9 serine protease family (SmPOP), recently shown to target bradykinin and angiotensin I 59 and a homologue of leucine aminopeptidase (LAP). LAP is of considerable interest in flukes due to its involvement in the immune response to schistosome eggs and egg hatching 60 . LAP is present in the adult worm gut, where it contributes to digestion of blood proteins, in the parasite Figure 5 . Quantitative qRT-PCR analysis of S. mansoni exosomal miRNAs in sera of infected mice. Circulating exosomes were purified from sera of S. mansoni -infected mice at 6-7 weeks post-infection or uninfected controls of the same age, using ExoQuick. RNA was extracted from the purified exosomes and then used for amplification of four S. mansoni miRNAs (Sma-mir-125a, Sma-mir-125b, Sma-mir-71a, Sma-bantam) by qRT-PCR. Data were median normalized relative to a "spike-in" synthetic miRNA 17, 80 and are shown as the foldchange relative to the uninfected control sample (background).
SCIentIfIC REPORtS | (2018) 8:3286 | DOI:10.1038/s41598-018-21587-4 tegument 61 , and is secreted 8, 9 , though it lacks a signal peptide. LAP secretion by F. hepatica is vesicle-mediated 26 and our results suggest a similar mechanism for S. mansoni. A proteomic analysis of ELVs derived from adult S. mansoni has been recently reported 28 . Although we identified some common proteins, notable discrepancies are evident (Table S5 ). Proteins found in both studies include enolase, GAPDH, glutathione-S-transferase, calpain, LAP, Sm20.8 and Sm22.6. Notable differences include glycogen phosphorylase, taurocyamine kinase and cathepsin B, high abundance proteins detected in this study that were also found in schistosome ESP [8] [9] [10] 13 . Differences could be due to variations in protocols. Proteomic analysis of schistosomulae-derived EVs revealed shared proteins between schistosomulae-and adult worm-derived EVs (e.g., taurocyamine kinase, enolase, glutathione S-transferase, calpain, 14-3-3 epsilon and Sm20.8; Table S5 ), but also differences. For example, schistosomulae EVs did not contain glycogen phosphorylase or glucose transporters 29 . LAP, the enzyme responsible for the final stage in catabolism of host hemoglobin 61 was also absent from schistosomulae-derived EVs 29 , probably because the gut is not functional early in schistosomulum development 62 . Such variations in ESPs between different parasite life stages have previously been reported in helminths 63, 64 and could be used as specific life-stage markers in diagnosis. Exosomes carry different types of RNA molecules, including miRNAs 21 . miRNAs are small molecules of ~23 nucleotides that regulate post-transcriptional silencing of genes. They bind to complementary sequences, typically in the 3′ untranslated region (3′-UTR) of a target transcript, resulting either in translational repression or sequence-specific RNA degradation 65 . miRNAs can be secreted and much of that secretion is vesicle (exosome)-mediated. Exosomal miRNAs are more stable than extravesicular forms and can be delivered to a target cell when exosomes fuse with the cell membrane 21 . Helminth parasites have a rich diversity of miRNAs 44, [65] [66] [67] [68] , some of which are secreted [15] [16] [17] 19, 69 , and helminth-secreted miRNAs modulate expression of specific host genes 19 , suggesting an important role in the host-parasite interaction. Here we provide evidence of vesicle-mediated miRNA secretion in adult schistosomes. Over 140 miRNAs were identified in purified vesicles, some at very high levels, including miRNAs found in sera of schistosome-infected animals 16, 17 . We confirmed the presence of schistosome miRNAs in circulating exosomes from infected mice by qRT-PCR, indicating that exosomal miRNA secretion occurs in the infected host.
The biological relevance of schistosome exosomal miRNA secretion is unknown. Preliminary searches for potential human targets using computational tools (TargetScan Custom (5.2)) detected conserved seed regions in many of the schistosome miRNAs described here, suggesting these could, in principle, recognize human transcripts. For example, sma-miR125b, an abundant miRNAs in schistosome vesicles, has >600 potential human targets based on a conserved 8-mer seed region of the mature miRNA. Similar analysis of Sma-bantam, an invertebrate-specific miRNA, identified 39 potential human targets (not shown). These bioinformatics analyses must be refined and combined with gene expression studies in the context of different host cell environments to elucidate miRNA function. As previously observed in D. immitis 64 , it is likely that ELVs secreted by male and female schistosomes vary in content. It was also noted that the level of some miRNAs, in particular sma-miR125b, showed a broad variation in the level of miRNA found in the ELVs isolated from the serum of individual mice. These differences could be due to; i) genetic difference in the murine host since CD1 are outbreed mice which may have different responses to S. mansoni infections, ii) difference in worm burdens, or iii) possible differences in the stability of the miRNA transcript. It is also possible that some of the vesicular traffic is directed towards other schistosomes as a mechanism of animal-to-animal communication, as suggested recently for C. elegans 70 . Future studies will need to consider potential miRNA targets in the parasite as well as the host. miRNAs found in schistosomulae EVs 29 were not among the 25 most abundant miRNAs in adult ELVs ( Table 2 ), suggesting that the presence of these miRNA in schistosome ELVs may be stage-specific.
It is easy to envision that vesicles secreted within the confines of the mesenteric veins could directly target the endothelial lining of the blood vessels, platelets or cells of the immune system. Most research on parasite-derived vesicles has focused on the immune response. Protozoal pathogen exosomes have either pro-or anti-inflammatory effects, depending on the parasite and type of vesicle 25 , and modulate expression of a variety of host genes associated with immunity 71 . Whether these effects extend to schistosomes is unclear. A recent study of S. japonicum reported that treatment of macrophage RAW264.7 cells with parasite-derived vesicles promoted M1-type polarization and increased production of pro-inflammatory cytokines such as TNF-α and IL-12 27 . We tested S. mansoni exosomes in cultures of bone marrow-derived mouse (C57/BL6) macrophages and detected no change in TNF-α or IL12 production at concentrations of up to 50 µg exosomal protein/ml (data not shown). This discrepancy could be a function of the different target cells (RAW264.7 versus bone-marrow derived primary cells), different purity of vesicle preparations or different species of schistosome.
We have characterized miRNAs present in adult s. mansoni ELVs, which constitute the first report of exosomal miRNA secretion from adult schistosomes. We also provide a molecular profiling of exosomal protein content, offering contrast to a previous report 28 (Table S5) , which is possibly due to differences between our protocols. Both proteomic and miRNA analysis of schistosomulae-derived EVs 29 revealed variations between schistosomulae-and adult worm-derived EVs (Table S5) , which could serve as specific life-stage markers in diagnosis. However, further investigation will be required to exploit their potential in the development of vaccines, therapeutics and diagnostic methods.
Methods
Parasites. Schistosoma mansoni adults were obtained from CD1 mice after a six week experimental infection by perfusion 72 streptomycin, and 10% exosome-depleted Fetal Bovine Serum. Exosome-depletion was performed in advance by ultracentrifugation of FBS under sterile and apyrogenic conditions for 18 h at 120,000 × g and 4 °C as described 73 . FBS was of the highest grade and lowest endotoxin level (Life Technologies; Ref: 16000). Adult male and female worm pairs were maintained in 6-well plates for 72 h at a density of 20 worms (10 males and 10 females)/well in 10 ml culture medium at 37 °C. Conditioned medium was collected after 48 and 72 h. Worms remained active during this period of incubation, with no apparent change in morphology or movement. All experiments and protocols were approved by the McGill University Animal Care Committee according to the high standards established by the Canadian Council on Animal Care.
Extracellular vesicle isolation.
ELVs were purified by differential centrifugation followed by membrane filtration and sucrose density ultracentrifugation as described 34, 73 . Briefly, after 48 and 72 h in culture, the parasite conditioned culture medium was collected and centrifuged first at low speed (300 × g/ 20 min), then at 3,000 × g (20 min) to remove larger debris, and the supernatant was centrifuged at 12,000 × g for 45 min. Supernatants were filter-sterilized using a 0.22 µm hydrophilic PVDF Durapore membrane (EMD Millipore; SVGV01015) and centrifuged at 100,000 × g for 2 h using a SW-41 rotor on a Beckman-Coulter ultracentrifuge. The pellet was re-suspended in sterile cell culture grade PBS (Life Technologies) and fractionated on a discontinuous 10-50% sucrose gradient (1.03-1.23 g/cm 3 ), using a SW-28 rotor at 120,000 × g for 18 h. Alternatively, exosomes were purified by loading the re-suspended pellet onto a sucrose step gradient (25%, 30% and 35%) 34 , then centrifuged at 120,000 × g for 18 h as above. Following centrifugation, the 30% sucrose fraction was collected, diluted 4-5 fold with sterile PBS and vesicles were re-pelleted by centrifugation in an SW-28 rotor at 100,000 × g for 2 h. The pellets were washed once by re-suspension in PBS and centrifugation repeated at 100,000 × g. For the last spin, the pellets were re-suspended in 1.0 ml PBS, transferred to 1.5 ml Beckman-Coulter ultracentrifuge tube and centrifuged in an Optima TL100 tabletop ultracentrifuge (Beckman-Coulter) for 1.5 h at 100,000 × g using a TLA-100.3 rotor. Exosomes were quantified based on protein concentration using a Pierce BCA Protein Assay Kit (ThermoFischer Scientific). The pelleted material was snap-frozen and stored at −80 °C.
Western blot assays. Purified ELVs (30 μg total protein) were treated with lysis buffer (Invitrogen) supplemented with 50 mM Tris (2-carboxyethyl)phosphine (TCEP) and a cocktail of protease inhibitors (Sigma-Aldrich) for 15 min at room temperature, followed by heating for 15 min at 65 °C. Proteins were resolved on a 4-20% Tris-glycine gel (Novex, San Diego, CA) and transferred to a nitrocellulose membrane according to standard protocols. Proteins were detected using goat anti-rabbit enolase antibodies (Santa Cruz Biotechnology; sc-7455). Secondary antibodies were a goat anti-rabbit IgG HRP-conjugate from Millipore (EMD Millipore).
Electron microscopy (EM). EM analyses of S. mansoni ELVs were performed at the Facility for Electron
Microscopy Research of McGill University using standard protocols 34 . Briefly, exosomes were fixed in 2% paraformaldehyde in PBS for 4 h, deposited on Formvar-carbon coated EM grids, washed in PBS, treated with 1% glutaraldehyde and then washed with water. Samples were stained with a solution of 4% uranyl oxalate, pH 7, then contrasted and embedded in a mixture of 2% methyl cellulose/4% uranyl acetate, pH 4 (9:1 v/v, methyl cellulose-UA) and finally placed in methyl cellulose-UA for 10 min on ice to increase the contrast. Grids were observed in a FEI Tecnai 12 transmission electron microscope operated at 80 kV. Images were acquired with a digital AMT XR80C CCD Camera System. Proteomics analysis. For protein identification purified ELVs (200 μg total protein) were dissolved in a MS-compatible protein solubilizer (Invitrosol LC/MS Protein Solubilizer, Invitrogen) according to the manufacturer's protocol and diluted with 5 volumes 50 mM ammonium bicarbonate, pH 8.5. Samples were heated to 60 °C for 30 min and sequentially reduced with 5 mM DTT (60 °C/30 min), alkylated with 5 mM iodoacetamide (20 °C in the dark/30 min) and finally treated with a small amount of DTT (10 µl 10 mM DTT) at 20 °C for 30 min to neutralize iodoacetamide. Proteins were quantified with a Pierce BCA Protein Assay Kit and samples were treated with Promega Gold Mass Spectrometry Grade Trypsin (1:50 enzyme:substrate ratio) and incubated for 14-16 h at 37 °C with shaking. Digestions were stopped with 1% trifluoroacetic acid (TFA) (Sigma-Aldrich) and peptides were purified with a C 18 Zip-Tip (Millipore) and the peptide eluate was dried under vacuum. Peptides were reconstituted in 10 µl 0.1% formic acid before analyzing by LC-MS/MS. For analysis, peptides were fractionated on a 360 μm ID x 4 mm C 18 trap column prior to separation on a 150 µm ID x 10 cm nano-LC column (Jupiter C 18 , 3 μm, 300 Å, Phenomex) and sequenced using an ESI-LC-MS/MS system, LTQ-Orbitrap Elite hybrid mass spectrometer with a nanoelectrospray ion source (ThermoFisher, San Jose, CA) coupled with an Eksigent nano-LC 2D pump (Dublin, CA). Peptides were separated using a linear gradient of 5-40% acetonitrile (0.2% formic acid) for 53 min and a flow rate of 600 nl/min. MS survey scans were acquired in profile mode at a resolution of 60,000 at m/z 400. MS/MS spectra were acquired in the ion trap using collision-induced dissociation (CID) for multiply charged ions exceeding a threshold of 10,000 counts. Three independent LC-MS/MS experiments were performed.
Protein data analyses. MS data were acquired using Xcalibur (v. 2.0 SR1). Peak lists were then generated with Mascot distiller (v. 2.1.1, Matrix Science) and MS processing was achieved using the LCQ_plus_zoom script. Database searches were performed against the S. mansoni proteome dataset available at the National Center for Biotechnology Information (NCBI) and the mouse proteome (Mus musculus) to test for the presence of host proteins, using MassMatrix (v. 2.4.2). The following search parameters were consistently applied: trypsin digestion with two missed cleavages allowed, cysteine carbamidomethylation as a fixed modification, methionine oxidation as variable modification, 0.8 Da tolerance for fragment ion masses, 10 parts per million mass tolerance for precursor ion masses and a minimum peptide length of 6 amino acids. A decoy reversed sequence database was included in every search. Peptide matches were considered significant if they exceeded the threshold statistical scores defined by MassMatrix 74, 75 and the false discovery rate was <5% (p < 0.05), as determined by decoy database searching. Functional annotation of protein sequences was done with Blast2GO software 76 against the entire non-redundant NCBI nr database using default parameters. Annotation was augmented with Annotation Expander (ANNEX) 77 and InterPro database scans were performed within Blast2Go to retrieve additional GO terms associated with functional domains.
Illumina RNA sequencing. S. mansoni-derived exosomes were purified from worm-conditioned culture media as described above and the RNA contained within the vesicles was isolated using a Norgen Total RNA extraction kit (Thorold, Canada), according to the manufacturer's protocol. Total RNA was extracted from adult male and female pairs using the same kit. All subsequent steps were performed at LC Sciences, LLC (Houston, Texas, USA) using their standard protocols. Briefly, S. mansoni ELV (1000 worm pairs -20 ng of miRNA) and whole worm (400 worm pairs -100 ng of miRNA) small RNA libraries were generated, reverse-transcribed (RT) and the resulting cDNA constructs were purified using an Illumina Truseq ™ Small RNA Preparation kit. ELV and whole worm cDNA libraries were used for cluster generation on a Cluster Station fluidics device and then sequenced on an Illumina GAIIx instrument, according to vendor's instructions. Raw sequencing reads (40 (Accessed September 28, 2015) . For comparisons between ELV and whole worm samples, the number of read counts from each sample was tracked during mapping and normalized to account for differences in library size. Normalization was achieved by dividing the counts by a scaling factor that reflected the size of each library. Scaling factors were calculated according to a median count method 80 as outlined by LC Sciences.
Isolation of ELV RNA from mouse serum. Serum was collected from individual S. mansoni-infected mice 6-7 weeks post-infection and from age-matched uninfected controls. Exosomes were isolated with an ExoQuick Exosome Precipitation kit (SBI System Biosciences), starting with 500 µl serum per purification according to the recommendations of the manufacturer. The resulting exosomal pellets were resuspended in sterile lysis buffer and the RNA contained within the vesicles was isolated by column purification as specified in the kit protocol. A constant amount (10 11 copies) of a spike-in synthetic RNA oligonucleotide (5′-CGUAUCGAGUGAUGUCACGUA-3′) was added at the time of exosomal lysis, prior to RNA purification, and then carried through all additional steps. The spike-in RNA does not match any known miRNA in miRBase and was used for normalization of qRT-PCR data as described 17 .
Taqman qRT-PCR. Five highly abundant schistosome-derived miRNA sequences (Sma-Bantam, Sma-miR-71a, Sma-miR-36-3p, Sma-miR-125a and Sma-miR-125b) were selected for PCR amplification. At least 4 mismatches distinguished these miRNAs from the closest vertebrate miRNA homologue identified in miRBase, as determined by BLASTn alignments. A stem-loop method of miRNA amplification 81 was used throughout the study. Target-specific stem-loop RT primers were synthesized and re-folded as described 45 . RT was performed according to standard protocols in a 20 µl reaction containing 0.5 mM dNTPs, 200 units MMLV reverse transcriptase (Life technologies) (or no enzyme in the -RT control tubes), 1 × First strand RT buffer, 10 mM DTT, 20 units RNase out inhibitor, 5 nM RT stem-loop primer and either synthetic miRNA or serum-derived exosomal RNA as the template. qPCR amplifications were performed in a total volume of 20 µl containing Luminaris Probe qPCR colorless master mix (Thermo Scientific), 2 µl fresh RT product, 1.5 µM sequence-specific forward primer, 0.7 µM universal reverse primer and 0.8 µM hydrolysis TaqMan probe. Primer and probe concentrations are considered optimal for stem-loop qRT-PCR of miRNAs 45 . Reactions were performed in replicates of 2-4 in an Applied Biosystems 7500 Fast thermocycler (Life Technologies) according to the following cycling protocol: 2 min at 50 °C, 10 min at 95 °C, followed by 60 cycles of denaturation at 95 °C/15 s, annealing at 58 °C/45 s and extension at 70 °C/30 s. Quantitative qRT-PCR was first performed with synthetic miRNAs to optimize reaction conditions. Amplification efficiencies were calculated from the slopes of serial dilution curves (where Efficiency (E) = 10 (−1/slope) ) and were determined to be approximately 90-100% for all five targets and the spike-in control. For qRT-PCR of serum-derived exosomal samples, we used a fixed volume (5 µl) of RNA corresponding to approximately 100 µl serum and RT was performed with two different stem-loop primers added simultaneously and at the same concentration (5 nM), one targeting the specific miRNA of interest and the other targeting the spike-in RNA used for data normalization. RT reactions were split in half and used for parallel qPCR amplification of the target miRNA and spike-in control, using appropriate primers. A complete list of all the primers and TaqMan probes used in these experiments are described in Table S1 . Synthetic miRNA sequences and oligonucleotides (stem-loop RT primers, forward primers, universal reverse primer) and hydrolysis TaqMan probes were purchased from Life Technologies (Foster City, USA). qPCR data analysis. A relative ΔCt method was used to compare qPCR data from schistosome-infected mice and uninfected controls. The method was adapted for the analysis of circulating miRNAs from serum and other biological fluids, where conventional data normalization based on a housekeeping gene is not feasible. Ct values were first "median normalized" to the spike-in oligo as described 17, 82 to correct for sample-to-sample variation and differences in RT efficiency. The normalized Ct (Ctn) values were then used to calculate the ΔCtn for each sample. This was done by subtracting a median Ctn of all the uninfected control samples (background amplification) from the Ctn of the test (infected) sample. Fold-change relative to the uninfected control was calculated from the formula 2 −∆Ctn . The median Ctn values for the uninfected controls varied between 53 and 60 for the four miRNA targets. Samples where there was no detectable amplification of the target miRNA were arbitrarily assigned a maximum Ct value of 60 for data calculations.
